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Synthesis and Photoelectrochemistry of Polycrystalline Thin 
Films of p-WSe2, p-WS2, and p-MoSe2 
Carlos R. Cabrera** and Hector D. Abrufia* 
Department of Chemistry, Baker Laboratory, Cornell University, Ithaca, New York 14853 
ABSTRACT 
Polycrystalline thin films (PTF) of p-WSe2, p-WS2, and p-MoSe2 have been prepared and characterized with respect to 
their photoelectrochemical properties, p-WS2 showed the highest open-circuit photovoltages and the highest conversion 
efficiencies in various redox couples. In addition, the band structure of all the films has been determined experimentally 
and compared to those reported for single crystals. 
Over the last two decades a great deal of interest has de- 
veloped in the area of photoelectrochemistry, particularly 
in the application of photoelectrochemical systems to the 
problem of solar energy conversion and storage. The inter- 
est is to develop new energy sources to supplement and 
eventually replace fossil fuels. 
The first photoelectrochemical experiment was per- 
formed in 1839 by Becquerel (1), who demonstrated that a 
voltage and current are generated when a silver chloride 
electrode, immersed in an electrolytic solution and con- 
nected to a counterelectrode, is illuminated. Although the 
concept of a semiconductor did not exist at that time, it is 
now clear that the electrode which Becquerel used had 
semiconducting properties. In 1955, Brattain and Garett (2) 
used germanium as the first semiconductor electrode in 
photoelectrochemistry. Since then, the knowledge of 
semiconductors has grown steadily. Fujishima and Honda 
(3) were the first to point out the potential application of 
photoelectrochemical systems for solar energy conversion 
and storage. They demonstrated that the photo-oxidation 
of water to 02 was possible by utilizing an n-type semicon- 
ducting t i tanium dioxide photoanode. Since then, there 
has been a large and rapidly growing international interest 
in the study of photoelectrochemistry of semiconductors 
(4). 
The effective use of solar energy in photovoltaic or 
photoelectrochemical applications depends in part on the 
development of materials that can show high conversion 
efficiencies and long-term stability under operation. In ad- 
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dition, the desirable materials should have a bandgap that 
closely matches the solar spectrum and be made of readily 
available and inexpensive materials. 
We have focused our attention on the transition metal di- 
chalcogenides (e.g., WSe2, WS2, MoSe2, and others), also 
known as layered or d-d semiconductors. Tributsch's (5, 6) 
pioneering work on the use of these materials has stimu- 
lated intensive research in this area, and single Crystals of a 
number  of materials have been studied extensively in both 
aqueous and nonaqueous solvents and in photovoltaic and 
photoelectrosynthetic cells. The advantages of using these 
materials are that they have bandgaps (1.1-1.6 eV) that 
closely match the solar spectrum and exhibit high conver- 
sion efficiencies as single crystals. In addition, they can 
achieve long-term stability due to the fact that the transi- 
tions are localized in the nonbonding d orbitals of the 
metal. These materials consist of metal dichalcogenide 
sandwiches (e.g., Se-W-Se) held together by van der Waals 
forces. The fact that there is strong covalent bonding 
within the layers, but only weak interactions between lay- 
ers, makes these materials highly anisotropic in their prop- 
erties. For example, the surface parallel to the C axis (IIC) is 
more conducting than the surface perpendicular to the C 
axis (• Therefore, edges and surface imperfections on 
the surface parallel to the C axis act as efficient recombina- 
tion centers for photogenerated carriers or products (7, 8). 
As a result, the observed efficiencies are strongly depend- 
ent on the nature of the surface of the individual crystals. 
Although single crystals of these materials have shown 
very high efficiencies (9), they are typically of small area 
(due to the difficulty of growing large area single crystals 
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(10), making their use for large-scale conversion of solar 
energy impractical. 
Polycrystalline thin films, on the other hand, can be 
grown as large area thin films with simple experimental  
procedures. Lewerenz and co-workers (11) had mentioned 
the possibility of using polycrystalline layers of transition 
metal  dichatcogenide semiconductors. However, one must 
remember  that because a polycrystalline film is expected 
to have a very high density of surface imperfections and 
exposed edges, one would a priori expect  very little, if 
any, photoeffect on these materials due to the expected se- 
vere recombinational losses. However, these can be dimin- 
ished with surface modification since it has been demon- 
strated that such treatments can enhance the rates of 
interfacial charge transfer (12), and achieve catalyti c ef- 
fects, as well as decrease recombinational losses (13). 
Since the first work by Tributsh, extensive research has 
been done on single crystals of transition metal di- 
chalcogenides. Selected single crystals of WSe2 (9b), WS2 
(14), and MoSe2 (15), have shown efficiencies of 10.2, 6, and 
9.4%, respectively. On the other hand, reports on the use of 
polycrystalline materials have beeri somewhat limited. 
Cahen and co-workers (16a) prepared polycrystalline MoS2 
electrodes in a variety of ways, including covering a ti- 
tanium substrate with the polycrystalline material, press- 
ing pellets and binding within a polymer matrix. In gen- 
eral, only modest  photoeffects were obtained with these. 
Ginley, Parkinson, and co-workers (16b) prepared poly- 
crystalline n-WSe2 electrodes by hot pressing microcrys- 
talline powder. They also employed a variety of surface 
treatments in an effort t o  minimize recombinational 
losses. Schneemeyer  and Cohen (16c) prepared polycrys- 
taUine n-MoS2 by electrochemical growth from the melt  at 
800~ Again, only modest photoresponses were obtained. 
Most recently, Di Paola (16d) reported on the preparation 
of polycrystalline p-WS2 electrodes by reaction of H2S with 
metallic tungsten or tungsten oxide films. 
We have already demonstrated a way to synthesize PTF 
of p-WSe2 and enhance the properties and efficiencies of 
these films by surface modification with o-phenylene dia- 
mine (OPD) (17). We also showed that surface modification 
with polybenzylviologen and colloidal platinum and 
[Re(CO)3(v-bpy)C1] rendered the PTF of p-WSe2 active in 
the photoassisted evolution of H2 (17) and the photoelec- 
trocatalytic reduction of  CO2, respectively (18). 
We now report on the preparation and photoelectro- 
chemical  characterization of polycrystalline thin films of 
p-WS2 and p-MoSe.~ and compare them to the PTF of 
p-WSe2. We compare photocurrent spectra, cyclic voltam- 
metry, and efficiencies in photovoltaic cells. In addition, 
the band structure for each of the materials (bandgap, val- 
ence band, conduction band, and flatband potential) was 
determined experimentally and compared to reported 
values. 
Experimental 
Ca) Synthesis of polycrystalline thin films (PTF) of transi- 
tion metal dichalcogenides.--The synthesis of the poly- 
crystalline thin films was performed in a quartz ampul (15 
cm long and 2 cm diam) which had been previously 
cleaned with 48% HF, 1:1 HNOJHC1, and 48% HF with 
thoroughly rinsing with water after each cleaning. The 
ampul was oven dried. 10g of the desired transition metal 
dichalcogenide [WSe2 (99.95%), WS2 (99.8%), or MoSe2 
(99.9%); Atomergic Chemetals Corp. or Gallard-Schles- 
inger Chemical Mfg. Corp.] were placed inside the ampul, 
which was subsequently evacuated for at least lh  to a re- 
sidual pressure of ca. 5 • 10 -5 torr. At that time, the ampul 
Table h Experimental data for the synthesis of the polycrystalline thin 
films 
Temperature Time 
Compound Grams (~ (h) 
WSe2 Ref. (17) 10 850 72 
WS2 10 1040 72 
MoSe2 ] 0 1130 7 days 
Se ~ 0.13 
was sealed under vacuum and placed in a muffle furnace 
(Thermolyne Model 2000) whose temperature was raised 
slowly (ca. 100~ per hour) up to the desired temperature 
and was left for a prescribed amount  of time for film 
growth. Table I presents the details of the growth tempera- 
tures and times. After film growth, the furnace was turned 
off and allowed to reach room temperature. Some of the 
powder  is transported from the bottom of the ampul and 
deposited on the ampul walls. Two surfaces or sides can be 
defined; a shiny side (smooth side) which was that side in 
contact with the quartz ampul and a black matte side 
(rough side) which was that facing the ampul during the 
film growth. The ampul was opened and the material that 
had deposited on the walls was used as electrodes. The 
films could be mounted as electrodes right on the broken 
pieces of the quartz, or free standing films could be em- 
ployed when they could be dislodged from the quartz. The 
electrodes were connected to a copper wire lead with sil- 
ver paint (Acme Industries, New Haven, CT) on the front 
or back surface for films on quartz or free standing films, 
respectively. However, when performing experiments 
with the smooth side as the photoactive side, only free 
standing films could be used. In this case, the contact was 
done on the rough surface side. The wire was inserted into 
a piece of 6 mm glass tubing and the electrodes were 
masked with either 5 min epoxy, Torr-Seal (Varian Associ- 
ates, Palo Alto, CA), or Chemgrip Cement (Chemplast Inc., 
Wayne, N J) except for the surface to be studied. Typical 
electrode areas were about 0.1-0.2 cm 2. 
(b) Instrumentation.--Electrochemical experiments 
were performed using a Princeton Applied Research  
Model 173 Potentiostat/Galvanostat in conjunction with a 
Model 179 Digital Coulometer and Model 175 Universal  
Programmer.  In some cases a home-built  programmer and 
potentiostat/galvanostat combination were used. Data 
were recorded on either a Soltec Model VP-6423S, Hewlett  
Packard Model 7045B X-Y recorder, or a Nicolet 4094 
Digital Oscilloscope. The oscilloscope was used to transfer 
capacitance and photocurrent data to an IBM AT personal 
computer,  and the LOTUS 123 program was used for data 
analysis. Capacitance measurements were carried o u t  by 
using a Princeton Applied Research Model  5204 lock-in 
analyzer in conjunction with a Hewlett  Packard Model 
200CDR oscillator which provided a sinusoidal signal of 10 
mV (peak to peak). 
Irradiation of the electrode was performed with either a 
beam-expanded Spectra Physics 5 mW He/Ne laser or with 
an Oriel Model 6130 100-W quartz/halogen lamp. A Laser 
Precision Model CTX-534 light chopper and an Oriel 
Model 7240 monochromator  were used when performing 
photocurrent  spectral measurements.  The intensity of illu- 
mination was determined by using an EG&G Electro- 
Optics Model 450-1 radiometer/photometer. 
Scanning electron micrographs (SEM) and semiquan- 
titative x-ray fluorescence analysis were performed on a 
Jeol  Model JSM35C or a Jeol  733 Super Probe scanning 
electron microscope equipped with energy and wave- 
length dispersive spectrometers. 
(c) Solvents and electrolytes.--Experiments were per- 
formed either in acetonitrile (Burdick & Jackson distilled 
in glass) which was dried over 4A molecular sieves or 
water which was passed through a Hydro-System purifi- 
cation train yielding water with resistance of at least 18 
M~. Tetrabutylammonium perchlorate (TBAP) (G. F. 
Smith), which had been recrystallized three times from 
ethyl acetate and dried under vacuum for 72h, was used 
when working with acetonitrile. KBr, KC1, or Na2SO4, 
which were reagent grade and were used without further 
purification, were the electrolytes when using water as a 
solvent. All solutions were purged with N2 or Ar for at least 
20 min prior to experimentation. A conventional three 
electrode, single compartment  cell (15 ml of volume) fitted 
with a flat optical Pyrex window for illumination was 
used for all experiments. A large area platinum gauze was 
used as a counterelectrode. All potentials are reported vs. 
the sodium saturated calomel electrode (SSCE) when 
working in nonaqueous solvents or vs. the saturated calo- 
mel electrode (SCE) when working in water. 
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Fig. 1. Scanning electron micrographs (SEM) of PTF of MoSe2 pre- 
pared with added Se ~ (a) low magnification (100• and (b) high mag- 
nification (200 • ). 
Results and Discussion 
(a) Synthesis and surface morphology.--The experimen- 
tal conditions for the synthesis of the PTF of p-WSe2, 
p-WS2, and p-MoSe2 are presented in Table I. However, the 
product  of the synthesis of the polycrystalline thin fillms 
of p-WS2 and p-MoSe2 contained single crystals as well. In 
the synthesis of the polycrystalline thin films of p-WSe2, 
single crystals could be obtained when the growth was at 
1000~ for 7 days. For the synthesis of the polycrystalline 
thin films of MoSe2, Se ~ was added as a transporting agent 
in order to obtain an increase in the crystallite size. Figures 
1 and 2 show scanning electron micrographs of PTF of 
p-MoSe2 with and without Se ~ added in the synthesis, re- 
spectively (note the differen~ce in the scales). The effect of 
Se ~ addition was anticipated since it is known that it helps 
in the transport rate of the compound. On the other hand, 
for the synthesis of p-WSe2 and p-WS2, this was not re- 
quired, since the crystallite sizes were quite large (Fig. 3 
and 4). A puzzling result of the syntheses is that for all 
three compounds the products were always p-type. We at- 
tribute this to impurities in the original powder as well as 
to partial nonstoichiometries. 
As can be seen in Fig. la, 3a, and 4a, the surfaces of these 
thin films are composed of randomly oriented plates, and 
under  higher magnification (Fig. lb, 3b, and 4b) the plates 
appear quite smooth, free of imperfections. The overall 
structure of the films can be described as single crystals 
randomly placed together. Semiquantitative analysis by 
x-ray fluorescence showed that the polycrystalline thin 
films had the expected ratio of 1:2 for transition metal to 
chalcogenide. 
(b) Photocurrent spectra.--Photocurrent spectra of the 
PTF were obtained in a solution of 10 mM chloranil and 
0.1M TBAP in acetonitrile, at an applied potential of + 0.3V 
vs. SSCE. Figure 5 shows the photocurrent spectra of 
Fig. 2. SEM of PTF of MoSe2 prepared without added Se ~ (a) Low 
magnification (1000• and (b) high magnification (3200• 
p-WSe2, p-WS2, and p-MoSe2 films. For p-WSe2, the quan- 
tum efficiency begins to increase at about 860 nm with a 
peak at 780 nm. This spectrum correlates very well with 
that reported by Gerischer (19) and co-workers and Kam 
and Parkinson (8) for single crystals, as well as with the ab- 
sorption spectrum for WSe2 (20). For p-WS2, the QE begins 
to increase at 900 nm, but the increase is slow. A sharp in- 
crease is noticed at 650 nm, with a peak at 620 nm. This last 
peak is in the energy region of the direct transition. In ad- 
dition, this spectrum is similar to the absorption spectrum 
presented by Beal et al. (20). It is however, somewhat 
shifted relative to that reported by Kam and Parkinson (8), 
although the spectral details are similar. For p-MoSe2, the 
quantum efficiency starts to increase at approximately 900 
nm with a peak at 790 nm, correlating very well with the 
spectrum reported by Tributsch (1) and others (8) for sin- 
gle-crystal MoSe2. I n  addition, it is also similar to the ab- 
sorption spectrum presented by Beal et al. (21). 
A plot of the square of the photocurrent vs. light energy 
(eV) in the rising portion of the curve yields a straight line 
(see Fig. 6a) for the three PTF from which a direct bandgap 
energy can be extrapolated. The results are presented in 
Table II. All of the values obtained correlated very well 
with previous results reported for single crystals (see 
Table II). 
If, on the other hand, the data are plotted as the square 
root of the photocurrent vs. light energy, a straight line (see 
Table II. Direct and indirect bandgap energies of PTF of WSe2, WS2, 
and MoSe~ 
Indirect Bandgap (eV) Direct Bandgap (eV) 
Semiconductor PTF Single crystal PTF Single crystal 
WSe2 1.37 1.40 (23) 1.57 1.57 (19) 
WS2 1.29 1.31 (26) 1.89 1.80 (25) 
MoSe2 1.26 1.10 (24) 1.47 1.38 (5) 
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Fig. 3. SEM of PTF of WSe2. (a) Low magnification (60•  and (b) 
high magnification (100• 
Fig. 4. SEM of PTF of WS2. (a) Low magnification (200•  and (b) 
high magnification (400• 
Fig. 6b) is also ob ta ined  f rom w h i c h  an ind i rec t  b a n d g a p  
ene rgy  can  be  obta ined.  As e x p e c t e d  (22), th i s  va lue  is 
smal le r  t h a n  the  d i rec t  t ransi t ion.  For  WS2, the  values  ob- 
t a ined  are qui te  c lose  to t h o s e  r epo r t ed  in the  l i te ra ture  for 
s ingle  crys ta ls  (see Table  II). However ,  for WSe2 and  
MoSe2, t hey  are s o m e w h a t  h ighe r  t h a n  r epo r t ed  values  
(23-26). None the le s s ,  t h e s e  resul ts  indica te  tha t  t he  poly- 
crys ta l l in i ty  of  t hese  mater ia ls  does  no t  s ignif icant ly  al ter  
t he  na tu re  of  the  opt ical  t rans i t ions .  
(c) D i f f e r en t i a l  c a p a c i t a n c e  m e a s u r e m e n t s . - - I n  order  to 
asce r ta in  the  energe t i c  loca t ion  of  the  F e r m i  level of  the  
PTF,  d i f ferent ia l  capac i t ance  m e a s u r e m e n t s  were  per- 
fo rmed .  F r o m  a p lo t  of  1/C 2 vs. E (appl ied potent ia l  vs. 
SCE) one  can d e t e r m i n e  the  f la tband potent ia l  and  the  ac- 
cep to r  dens i ty  (NA) f rom the  in t e r cep t  and  the  slope,  re- 
spect ively .  The e x p e r i m e n t s  were  p e r f o r m e d  in the  dark  in 
a so lu t ion  of  0.2M Na2SO4 at d i f fe ren t  pH (4, 7, 9.7). The val- 
ues  of  the  f la tband poten t ia l s  as well  as t he  accep to r  densi -  
t ies  are p r e s e n t e d  in Table  III. Fo r  t he  th ree  PTF,  the  flat- 
b a n d  (EFB) po ten t ia l  var ied wi th  pH, wi th  the  t r e n d  be ing  a 
m o r e  nega t ive  FB wi th  increas ing  pH (see Fig. 7). This  was  
an t i c ipa ted  due  to the  h igh  dens i ty  of  e x p o s e d  edges  in the  
P T F  w h e r e  OH- ions  can adsorb  and  shif t  t he  F e r m i  
en e rg y  to m o r e  nega t ive  value.  The largest  shif t  was  at a 
pH of  9.7. At  th is  pH, the  FB was  sh i f ted  200-300 m V  nega-  
t ive relat ive to the  value at pH 7. On the  o ther  hand ,  at pH 4 
the  d i f fe rence  wi th  r e spec t  to pH 7 was  m u c h  smal le r  indi-  
ca t ing  tha t  the  surface  adso rp t i on  si tes  are re lat ively basic.  
However ,  the  f la tband potent ia ls ,  at pH  7, for WSe2 and  
Table III. Flatband potentials (EFB) , acceptor densities (NA), and valence band potentials (Ev) for the PTF semiconductors 
PTF EFB VS.  SCE NA •v 
semiconductors pH 4.0 7 9.7 (cm -3) (E vs. SCE) 
p-WSe2 0.78 _+ 0.06 0.75 +_ 0.06 0.53 _+ 0.06 5 • 10 iv 2 0.80 
p-MoSe2 0.85 _+ 0.07 0.74 _+ 0.05 0.60 _+ 0.03 4 x 10 TM 2 0.84 
p-WS2 1.2 -+ 0.1 0.9 -+ 0.1 0.6 -+ 0.1 7 x 101v3 1.1 
Table IV. Voc for the PTF semiconductors in different redox systems. Irradiation was provided with a He/Ne laser at 12 mW/cm 2 
Vo~ (mY) 
Redox couple Eu2 a WS2 WSe2 MoSe2 
a V S .  SSCE 
Fe(CN)6:3~-4 + 0.45 380 160 240 
Ferrocene *j~ +0.43 140 30 10 
TCNQ +0.21 380 70 110 
Co(bpy)3 +3/§ + 0.05 520 200 200 
Chloranil + 0.05 540 300 300 
MV +2j+1 -0.41 270 60 70 
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WS2 correla te  ve ry  wel l  wi th  those  repor ted  in the  litera- 
ture  for single crystals (0.72 vs. SCE for p-WSe~ (26) and 
0.95 v s .  SCE for p-WS2 (25)). When pe r fo rming  the  capaci- 
t ance  measu remen t s ,  it was found tha t  the  in te rcep t  as 
wel l  as the  s lope of  the  Mot t -Schot tky  plot  were  re la t ively 
cons tan t  for f requenc ies  in the  range  of  700-1500 Hz. How-  
ever,  i f  the  f r equency  was h igher  than  1500 Hz, the  FB po- 
tent ia l  as wel l  as the  s lope showed  some  dispers ion.  This  
dev ia t ion  at h igh  f requenc ies  can be exp la ined  in te rms  of  
a h igh  dens i ty  of  surface  states in the  P T F  (27). 
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Fig. 6. (a) Plot of the square of the quantum efficiency (QE z) vs. light 
energy (eV) (direct bandgap determination) and a plot of (b) QE I/2 vs. 
eV for the determination of the indirect transition of the PTF of p-WS2, 
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Fig. 8. Schematic representation of the energetic location of the con- 
duction and valence bands of the PTF of p-WSez, p-WS2, and MoSe2 
with respect to the SCE and the redox systems used. 
OPEN CIRCUIT VOLTAGE vs REDOX POTENTIAL 










* r-,-- o 
0.5 
[] ~ p-ws2 
I 





0.1 -0.1 -0 .3  
Redox Potentio; (E1/2 ~s SCE) 
§ PTF p-WSe2 o pTF p-MoSe2  
Fig. 9. Plot of Voc vs .  Eredo x for the PTF of p-WSe2, p-WS2, and MoSe2 
under illumination with a He/Ne laser (632.8 nm, 12 mW/cm~). 
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-10-05 to IP 
Vol. 135, No. 6 p-WSe2, p-WS2, A N D  p-MoSe2 1441 
% 
=L 



























[ ]  
[ ]  
[ ]  
~a 
I 1 1 i ~1 i i .i ~7 
0 0.12 0.24 0.36 0.48 
Volts 
Fig. 10. Current-voltage curves for the PTF of p-WSe2, p-WS2, and 
MoSe2 in chloranil m-1 |0 mM/1 mM. 
The NA values calculated from the slopes were rather 
high. However, one has to consider the fact that we mea- 
sure the geometric area and not the real surface area, and 
for these materials this represents a very large deviation. A 
more realistic value Of NA would be one that is 1-2 orders of 
magni tude smaller. Using the acceptor density and the FB 
potential, one can locate the valence band by using the fol- 
lowing equation (28) 
NA = Nve -(EF-Ev)/kT 
where Nv is the density of states in the valence band which 
can be calculated with the following expression (28) 
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Fig. 11. Current voltage curves for the PTF of p-WSe2, p-WS~, and 
MoSe2 in Co(bpy)3 +3/+2 (10 mM/1 mM). 
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Fig. 12. Current-voltage curves for the PTF of p-WSe2, p-WS2, and 
MoSe2 in Fe(CN)6 -3/-4 (O.OSM/O.OOSM). 
where mp is the effective mass of the hole (h+). In our calcu- 
lations we will assume that mp = mo (29), where mo is the 
mass of a free electron. In addition we will assume that the 
effective mass of the hole (h § is equal for the three poly- 
crystalline thin films. Making these approximations we 
can obtain a value for Nv = 2.5 x 1019 cm-% Therefore, the 
Ev values for WSe2, WS2, and MoSe2 are 0.8, 1.1, and 0.84V 
vs. SCE, respectively (see Table III). Taking these values 
along with the bandgap energies determined, we can con- 
struct energy level diagrams for the polycrystalline semi- 
conductors, and these are shown in Fig. 8. 
(d) PhotovoItaic cells and cyclic voItammetry.--Open- 
circuit voltages (Voc) and short-circuit currents (I~c) for the 
polycrystalline thin films, in different redox systems, were 
measured by using a He/Ne laser (632.8 nm, 12 mW/cm 2) as 
the light source. Table IV lists the Voo values measured for 
the PTF in the different redox systems, and it can be seen 
that p-WS2 had the highest Voc (0.5V) and I~r (1.5 mA/cm2). 
Figure 9 shows a plot of Voo vs. E1/2. The slope of the plot of 
a) P T F p - W S e 2  [7~L [ ~ 
~ 25 gA 
i 
I I E vs SSCE 
-0.2 
b - SSCE 
I 2 5  p. A 
I I 
-0 .2  EvsSSCE 
Fig. 13. Cyclic voltammetry of (a) PTF p-WSe2, (b) PTF p-WS2, and 
(c) PTF p-MoSez in 10 mM MV ++ and 0.1M TBAP under chopped illu- 
mination. 
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Table V. Open-circuit voltages ( V J  ~ short-circuit currents (1~), b fill 
factors (FF), and efficiencies (~1) ~ for the polycrystalline thin film 
(PTF) semiconductors (SC) in redox couples A, B, and C. 
A ~ Chloranil ~ 10 raM, chloranil ~ 1 mM, and 0.1M TBAP in aceto- 
nitrile 
cB-- Co(bpy)3 § 10 mM, Co(bpy)3 +2, and 0.1M KC1 in water 
Fe(CN)6 -3 0.05M, Fe(CN)6 4 0.005M, and 0.1M KC1 in water 
Redox couple Redox couple 
A B 
PTF SC Is~ Voc FF 0% I~r Vor FF ~1% 
p-WSe2 i.1 300 0.22 0.6 0.06 195 0.23 0.02 
p-WS2 1.5 540 0.22 1.5 0.40 520 0.26 0.5 
p-MoSe2 0.75 300 0.20 0.4 0.20 210 0.20 0.07 
Redox Couple 
C 
PTF SC Isc Vor FF o% 
p-WSe2 0.65 160 0.27 0.2 
p-WS2 1.50 380 0.39 1.9 
p-MoSe2 0.75 240 0.28 0.4 
Voc in mV 
b Isc in mA/em 2 
c Irradiation with a He/Ne laser (12 mW/cm 2) 
Voc vs. Eredox for p-WS2 is approximately 1, close io the 
value for an ideal semiconductor. For the other PTF semi- 
conductors, however, the slope is much smaller. Photocur- 
rent-voltage measurements  were obtained in three differ- 
ent redox systems which gave the highest Voe. These 
systems were (A) chloranil ~ 10 mM, chlorani1-1 1 raM, and 
0.1 TBAP in acetonitrile; (B) Co(bpy)3 § 10 mM, Co(bpy)3 § 
1 raM, and 0.1M KC1 in water; (C) Fe(CN)6 -3 0.05M, 
Fe(CN)6 -4 0.005M, and 0.1M KCI in water. 
The I-V curves obtained when using these three systems 
are shown in Fig. 10, 11, and 12, respectively. In system A 
the highest efficiency (~) was for the PTF of p-WS2, giving a 
value of 1.5%, whereas p-MoSes and WSe2 gave values of 
0.4 and 0.6%, respectively (see Table V). For system B the 
efficiencies were lower for all three PTF. For system C, the 
highest efficiencies were obtained with p-WS2 having the 
highest at about 1.9%. 
When performing cyclic voltammetry with chopped illu- 
mination in 5 mM methyl viologen in acetonitrile contain- 
ing 0.1M TBAP, it was found that the PTF of p-WSe2 (Fig. 
13a) and p-MoSes (Fig. 13c) had a higher dark current at 
positive potentials when compared to the PTF of p-WS2 
(Fig. 13b). We believe that this can be due to metallic Se ~ 
being oxidized on the edges, since, in a previous study on 
p-WSe2 we found that the surface was enriched in sele- 
nium (30). This may explain why the efficiencies of PTF of 
MoSes and WSe2 were smaller when compared to WS2. 
Conclusions 
We have prepared and characterized polycrystalline thin 
films of p-WSe2, p-WS2, and p-MoSes which exhibit  reason- 
able photoelectrochemical behavior. The PTF of p-WS2 ex- 
hibited the best characteristics in terms of open-circuit 
voltages and short-circuit currents. We attribute this to 
surface impurities; especially Se ~ which is present in the 
films of WSe2 and MoSes but not in WS2. We have also char- 
acterized the band structures for all of the films, and the 
values we obtain correlate well with those published for 
single crystals. Although at this t ime the overall conver- 
sion efficiencies are modest, we believe that further modi- 
fication of the surface of these materials should result in 
enhanced photoelectrochemical characteristics. 
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